For proteins with a single well-defined native state, protein 3Dstructure is a major determinant of sequence evolution. On the other hand, many proteins adopt multiple, distinct native structures under different conditions ("conformational switches"), yet the impact of such native state switching on protein evolution is not fully understood. Here, we performed a proteome-wide analysis of how protein structure impacts sequence evolution for protein conformational switches in Saccharomyces cerevisiae using pooled analysis of sites with similar packing or burial. We observed a strong linear relationship between residue evolutionary rate and residue burial for conformational switches. In addition, we found that conformational switches evolve significantly and consistently more slowly than proteins with a single native state, even after controlling for degree of residue burial or packing. Next, we focused on proteins that switch conformations upon molecular binding. We found that interfacial residues in these conformational switches evolve more slowly than interfacial residues in proteins with a single native state, and that the bound conformation is a better predictor for residue evolutionary rate than the unbound conformation. Our findings suggest that for conformational switches, the necessity to encode multiple distinct native structures under different conditions imposes strong evolutionary constraints on the entire protein, rather than just a few key residues. Our results provide new insights into the structureevolution relationship of protein conformational switches.
Introduction
A fundamental question at the interface between molecular evolution and molecular biophysics is to elucidate the structural determinants of protein evolution. Structural and biophysical properties of proteins are among the major factors that affect protein sequence evolution (Worth et al. 2009; Wilke and Drummond 2010; Sikosek and Chan 2014; Echave et al. 2016) . Indeed, several studies have shown significant relationships between structural properties and evolutionary rates of proteins, especially at the residue level (Perutz et al. 1965; Dean et al. 2002; Bloom et al. 2006; Franzosa and Xia 2009; Oberai et al. 2009 ).
Those studies, however, assumed that each protein is characterized by a single 3D structure representing the native state. However, proteins are dynamic molecules, and while some proteins have only small fluctuations in their native structure, other proteins can undergo more significant conformational changes. The structure of such proteins cannot be completely represented by a single conformation with minimum energy, but rather by an interchangeable ensemble of conformations (Tsai et al. 1999; James and Tawfik 2003) . Such changes can range from larger-scale motions of loops and secondary structures to entire domain motions. Conformational changes can be associated in many cases with protein function, such as allosteric signaling (Bu and Callaway 2011) and protein-protein binding (Betts and Sternberg 1999) .
There are two different types of proteins without a unique native structure. The first type is flexible or disordered proteins, which are believed to be subject to weak selection pressure (Bellay et al. 2011) . Even within the same protein, mobile regions are less constrained than rigid regions during evolution (Liu and Bahar 2012) .
The second type of proteins without a unique native structure are proteins that encode a small number of well-defined native structures and switch from one native state to another under different conditions ("conformational switches"), which is the subject of the current study. Recent works pointed towards a protein-level relationship between sequence evolution and the dynamics of protein structure for such conformational switches (Parisi et al. 2015) . In particular, a negative correlation between the conformational diversity of these protein switches in human and their overall evolutionary rate was shown at the protein level (Zea et al. 2013) . However, further studies are needed to elucidate the causes and consequences of such protein-level structure-evolution relationships for conformational switches. First, previous studies were carried out at the whole protein level, but did not investigate the impact of conformational diversity on the evolutionary rates of different types of sites within proteins.
Evolutionary rate differences at the whole protein level are known to be significantly affected by many factors such as expression level (P al et al. 2001; Drummond et al. 2006; Xia et al. 2009 ) and proportion of residues buried in the protein core (Bloom et al. 2006; Franzosa and Xia 2012) . Although a negative correlation between conformational diversity and evolutionary rate was observed at the whole protein level, it is not clear what the mechanism behind the protein-level difference is, and what part of the protein is responsible for the difference. Second, previous studies focused only on human proteins with their structures solved in the Protein Data Bank (PDB) (Berman et al. 2000) , which severely limits the proteome coverage of the analyses (1,094 human proteins, $5% human proteome coverage). Such limited proteome coverage raises the question to what extent the conclusions are affected by the existing investigator biases in the PDB. Third, the impact of functional conformational changes (such as upon ligand and protein binding) on protein evolution was not explored.
Here, we carried out a full systematic data-driven proteome-wide study of the impact of native state switching on protein evolutionary rate in the baker's yeast Saccharomyces cerevisiae, the well-characterized eukaryotic species in terms of structural and functional genomics. Our proteome-wide analysis includes not only proteins with solved structures in the PDB, but also proteins with homology-based 3D structural annotation transferred from homologous proteins with solved structures in the PDB. The use of homology-based structural annotation in addition to the solved structures and the focus on S. cerevisiae allowed us to cover a much larger portion of the proteome ($35% proteome coverage, compared with $5% in previous studies), thereby significantly reducing potential investigator biases in the PDB. Using this dataset with much larger proteome coverage, we confirmed previous findings that conformational switches evolve more slowly than proteins with a single native state. In addition, we focused on functional conformational switches that are related to ligand-and protein-binding, and showed that these functional conformational switches also evolve more slowly than proteins with a single native state. Remarkably, we showed that even the functional residues that constitute the binding interface evolve more slowly in conformational switches than in proteins with a single native state.
In order to uncover the source of the protein-level difference between the evolutionary rates of conformational switches and proteins with a single native state, we have also analyzed the impact of conformational switching on protein evolutionary rate for groups of sites with similar degrees of burial or packing. For proteins in general, measures of residue packing were shown to be the strongest structural determinants of sequence evolutionary rate Yeh et al. 2014; Marcos and Echave 2015; Echave et al. 2016) . One such measure, the degree of residue burial, was shown to be a major determinant of evolutionary rate (Overington et al. 1992; Conant and Stadler 2009; Franzosa and Xia 2009; Ramsey et al. 2011 ) and Franzosa and Xia showed that the evolutionary rate of residues increases linearly with their solvent exposure . Similar trends were observed regardless of the hydrophobicity of the residues or the hydrophobicity of the solvent environment (Franzosa et al. 2013) . Thus, this correlation between residue evolutionary rate and relative solvent accessibility (RSA) is driven by residue packing, as buried residues are surrounded with stabilizing interactions that can prevent deleterious substitutions. RSA is a simple one-body measure for residue packing effects and remains a dominant correlate of residue evolutionary rate, and therefore is used in our studies. It was also shown that the slope of the linear trend between residue evolutionary rate and RSA can change in different biophysical contexts such as protein core size and the solvent environment in membrane proteins Xia 2009, 2012; Franzosa et al. 2013) , highlighting the importance of residue-level analysis. Recently, it was shown that the side-chain weighted contact number (SC-WCN) of a residue outperforms other measures of packing In terms of correlation with residue evolutionary rate (Marcos and Echave 2015) . In this study, we used both SC-WCN and RSA.
We correlated both RSA and SC-WCN of residues with their evolutionary rates in conformational switches and proteins with a single native state. We found that the reason for the protein-level slower evolutionary rates of conformational switches is that residues with similar degrees of burial or packing evolve more slowly in conformational switches than in proteins with a single native state. This difference in evolutionary rate is stronger for residues with higher solvent accessibility or lower contact number. Slower evolutionary rates for residues with similar burial/packing are also shown for the subset of protein switches with large conformational changes upon binding a ligand or a protein. Finally, even functional and conserved residues at the binding interface evolve more slowly in conformational switches than in proteins with a single native state. Taken together, these results suggest that conformational switches evolve significantly and consistently more slowly than proteins with a single native state, even after controlling for residue structural microenvironments (buried/exposed, tightly packed/loosely packed, or interfacial). Our findings suggest that protein conformational switches are more constrained in evolution than proteins with a single native state. The necessity to encode multiple distinct native structures under different conditions imposes strong evolutionary constraints on the entire protein, rather than just a few key residues.
Finally, our pooled analysis enabled us to address the question which conformation better predicts evolutionary rate for conformational switches. Previous work on structurally constrained simulation of sequence evolution for conformational switches (Juritz et al. 2013) concluded that while the inclusion of more conformations improves simulation results, the ligand-bound conformation usually outperforms the rest of the conformations in terms of predicting substitution patterns. Although previous work used structure-based evolutionary simulation, here we use our data-driven proteomewide residue-level approach to examine which conformation better predicts residue evolutionary rate, taking into account Impact of Native State Switching on Protein Sequence Evolution . doi:10.1093/molbev/msx071 MBE the well-established correlation between residue solvent exposure or WCN and evolutionary rates. We focused on proteins with large conformational changes upon ligand or protein binding. Examining those residues that change their RSAs/SC-WCNs upon conformational switching, we asked which RSA/SC-WCN better predicts residue evolutionary rate. We found that, in agreement with previous simulation-based work, the RSA/SC-WCN in the bound conformation is a better predictor of residue evolutionary rate than the RSA/SC-WCN in other conformations. Our finding suggests that the functional, bound conformation of protein switches imposes a higher evolutionary constraint than other conformations.
Results
Conformational Switches Evolve More Slowly than Proteins with a Single Native State at the Whole Protein Level
We have performed a proteome-wide analysis in yeast in which we compared the evolutionary rates (d N /d S ) of conformational switches to that of proteins with a single native state. We calculated the evolutionary rates of 1,744 proteincoding genes in the baker's yeast S. cerevisiae based on sequence alignments with orthologs in three closely related yeast species, while at the same time providing these proteins with structural models by aligning them to their homologs from the PDB (see "Methods" section). Different from previous studies, using homology-based structural annotations allowed us to include many proteins in the analysis even if they do not have an experimentally solved structure. We then divided the structurally annotated yeast proteome into conformational switches, proteins with a single native state, and other proteins. Conformational switches are defined as proteins with two structural homologs in the PDB with at least 90% sequence identity and >3.0 Å root-mean-square deviation (RMSD) between the two structures. On the other hand, proteins with a single native state are defined as proteins for which all pairs of structural homologs in the PDB with at least 90% sequence identity have <1.5 Å RMSD between the two structures. There are 189 proteins aligned with only one structural homolog in the PDB and 39 for which the maximal identity between structural homolog is <90%; these proteins were not considered in this study. The cutoff values of <1.5 and >3.0 Å were chosen in order to produce two different groups of proteins that correspond roughly to the lower and upper thirds of the dataset in terms of conformational diversity. Moreover, the majority of the experimentally determined protein structures in the PDB ($85%) are between 1.5 and 3.0 Å in resolution. Thus, a difference of >3.0Å RMSD between two conformations of the same protein is more likely to represent a real conformational change than experimental error, whereas a difference of <1.5 Å RMSD between two conformations of the same protein is more likely to represent experimental error than a real conformational change. Our dataset contains 662 proteins with a single native state, 415 conformational switches, and 439 other proteins in between ( fig. 1 ) . Recent work shows that available structures in the PDB obtained under different conditions represent the true ensemble of native states better than any individual structure alone (Best et al. 2006) . Therefore, structural homologs with highly similar sequences but significantly different structures can be used to represent different native states of a conformational switch. We cannot rule out the possibility that some conformational switches are misclassified as proteins with a single native state. However, we expect that the use of homology-based 3D structural annotation should significantly reduce such misclassifications compared with the use of experimental structures alone.
Our analysis showed that the overall evolutionary rate of conformational switches is significantly lower than that of single-native state proteins (0.055 compared with 0.068, P value < 0.001, table 1), in accordance with previous observations of a negative correlation between the maximal RMSD of a protein and its overall evolutionary rate (Zea et al. 2013) .
To further reduce the possibility that the two maximal RMSD structural models might not represent actual conformational changes of the protein, but rather are structurally different due to differences in sequence, we constrained the dataset further to contain only yeast proteins for which the maximal RMSD pair has at least 99% sequence identity. The evolutionary rate of conformational switches in the reduced dataset is still significantly lower than that of proteins with a single native state (0.051 compared with 0.067, P value < 0.001, table 1), suggesting the results are robust to different choices of the sequence identity cutoff.
It is known that the expression levels of proteins correlate negatively with their evolutionary rates (P al et al. 2001; Drummond et al. 2006; Xia et al. 2009 ). We calculated the average synonymous codon usage order (SCUO) as a proxy for expression levels (Angellotti et al. 2007 ) for the two groups of proteins. Similar codon usage biases were found (0.165 6 0.006 for conformational switches and 0.162 6 0.004 for Sharir-Ivry and Xia . doi:10.1093/molbev/msx071 MBE proteins with a single native state). Therefore, the difference in their evolutionary rates cannot be attributed to their different expression levels.
It is also known that protein core size has a small effect over evolutionary rate, where small-core proteins evolve slower than large-core proteins (Bloom et al. 2006) . We calculated the average RSA for proteins with a single native state and for the least compact conformation of conformational switches, and found similar values (0.24 and 0.26, respectively). Therefore, the difference in their evolutionary rates cannot be attributed to their different core sizes.
Conformational Switches Evolve More Slowly than
Proteins with a Single Native State after Controlling for Residue Packing So far, it was shown that conformational switches evolve more slowly than proteins with a single native state at the whole protein level. Here, we show that the overall difference in evolutionary rates is due to a universal increase in selective pressure on different types of residues.
We calculated the evolutionary rates of residues in conformational switches as a function of their RSA or SC-WCN, and compared them with those of residues in proteins with a single native state. All residues were assigned into 11 bins according to their RSA or SC-WCN values. In the RSA analysis, the first bin included completely buried residues (residues with RSA ¼ 0), and the rest of the residues were assigned into 10 bins with equally spaced RSA values between 0 < RSA 1.0. In the SC-WCN analysis, all residues were assigned into 11 evenly spaced bins, from the highest SC-WCN (3.8) to lowest (0.5). A negligible number of codons above or below this range were not included in the analysis. Since each protein in our dataset is associated with at least two different structural models, many residues have different RSA/SC-WCN values depending on which structural model is used for calculation. We therefore binned those residues once according to their RSA/SC-WCN values in the most compact conformation, and once according to their values in the least compact conformation (termed here "noncompact").
The average d N /d S for the concatenated codons in each bin were calculated. Taking into account the different d N /d S estimation errors associated with each RSA bin, we generated the corresponding least-square regression lines. The evolutionary rate of residues in proteins with a single native state (red circles) scales linearly with solvent exposure, as expected ( fig. 2A and B) . Surprisingly, the evolutionary rate of residues of conformational switches (blue triangles) scales linearly with solvent exposure as well ( fig. 2A and B) . However, the slopes of the regression lines are significantly different from each other. This is true for both compact and noncompact conformations ( fig. 2A and B; two-tailed t-test, P ¼ 0.02 and P < 0.01 for compact and noncompact conformation, respectively). The evolutionary rate of conformational switches is significantly lower than that of proteins with a single native state at each RSA/SC-WCN bin ( fig. 2A and B, P < 0.05 for all bins except for the second-to-last and the last bins for compact and noncompact conformations respectively for RSA analysis; figure 2C and D, P < 0.05 for > 75% of residues for which 0.8 < SC-WCN 2.6 and 1.1 < SC-WCN 2.6 for the compact and noncompact conformations respectively for SC-WCN analysis). Overall, compared with residues of proteins with a single native state, residues of conformational switches are subject to significantly stronger evolutionary constraints and the difference in evolutionary rate is larger for residues with higher RSA or lower SC-WCN.
The difference between the average evolutionary rates of pooled residues with similar burial or packing in conformational switches and proteins with a single native state is still maintained even when the analysis is restricted to proteins for which the pair of structural homologs in the PDB with maximal RMSD shares at least 99% sequence identity (supplemen tary fig. S1A and B, Supplementary Material online for the RSA analysis of the compact and noncompact conformations, respectively, and supplementary fig. S1C and D, Supplementary Material online for the SC-WCN analysis of the compact and noncompact conformations, respectively). Therefore, our results are robust to different sequence identity cutoffs for structural annotation of different conformations of a protein.
Upon Binding, Proteins that Switch Conformation Evolve More Slowly after Controlling for Residue Packing
One type of protein conformational change that is strongly related to function is conformational change due to binding a ligand or another protein. As far as we know, the impact of such conformational changes on residue evolutionary rates was never examined. Here, we analyzed the evolutionary rates MBE of residues in proteins that change conformation upon binding, and compared them with residues with similar degree of burial/packing in proteins that do not change their conformation significantly upon binding. First, to find proteins that bind a ligand, we screened our dataset to find proteins for which one conformation is binding a ligand (bound) and the other is not (free). We found 165 conformational switches and 147 proteins with a single native state in our dataset that bind a ligand with one conformation but not the other. Next, to find proteins that bind another protein, we searched our dataset for proteins with both a structural homolog in the PDB which is part of a protein complex (bound), as well as a structural homolog in the PDB which is not part of a complex (free). We found 14 conformational switches and 15 proteins with a single native state in our dataset that bind a protein with one conformation but not the other. In the protein binding case, we relaxed the sequence identity cutoff between the free and bound structural homologs to 30%, due to lack of sufficient data with higher sequence identity.
At the whole protein level, proteins with large conformational changes between the bound and the free conformations (RMSD > 3.0 Å) are subject to significantly higher evolutionary constraints relative to proteins with small conformational changes (RMSD < 1.5 Å), as can be seen from table 1.
The evolutionary rates for residues in proteins with large and small conformational changes upon molecular binding are shown in figure 3A and B as a function of RSA. The evolutionary rates are significantly lower for residues in conformational switches compared with residues in proteins with small conformational changes at the 0.2 < RSA 0.7 range (P < 0.05). The evolutionary rates as a function of SC-WCN are shown in figure 3C and D, where they are significantly lower (P < 0.05) for residues in conformational switches compared with residues in proteins with small Sharir-Ivry and Xia . doi:10.1093/molbev/msx071 MBE conformational changes in the range 1.4 < SC-WCN 2.0 for the bound conformation ( fig. 3C) , and in the range 1.1 < SC-WCN 1.7 and 2.0 < SC-WCN 2.3 for the free conformation ( fig. 3D ). Overall, residues in proteins that switch conformation upon binding are subject to stronger evolutionary constraints than residues with similar burial/packing in proteins that maintain the same native conformation upon binding. Completely buried or tightly packed residues are subject to similarly strong evolutionary constraints in both types of proteins. This is the case both when the bound and when the free conformations are considered.
Residues with functional importance, such as the residues that constitute a binding interface with a ligand or protein, are known to evolve more slowly than noninterfacial residues (Dickerson 1971 Franzosa and Xia 2009). Remarkably, even among interfacial residues in different proteins, interfacial residues in conformational switches evolve significantly more slowly than interfacial residues in proteins with a single native state ( fig. 4 , P ¼ 0.05).
Bound Conformation Dominates Structural Constraints on Protein Evolutionary Rate
In previous sections we have shown that residues in conformational switches evolve more slowly than residues with similar burial/packing in proteins with a single native state. Given that some residues in conformational switches exhibit different degrees of packing in different conformations, we investigated which conformation contributes more to the Impact of Native State Switching on Protein Sequence Evolution . doi:10.1093/molbev/msx071 MBE structural constraints on the evolutionary rates of such residues. In particular, we analyzed the evolutionary rate as a function of RSA/SC-WCN for those residues with large changes in RSA/SC-WCN between different conformations (DRSA ! 0.2 or DSC-WCN ! 0.4).
Because this analysis is very sensitive to the difference in RSA/SC-WCN values between different conformations, we have used here the reduced dataset of conformational switches containing only proteins for which the pair of structural homologs in the PDB share at least 99% sequence identity (172 proteins). This way, we are able to examine only those residues for which the difference in RSA/SC-WCN is entirely due to conformational changes under different conditions rather than due to sequence differences.
Only $9% of residues in conformational switches exhibit large changes in RSA/SC-WCN between different conformations (DRSA ! 0.2 or DSC-WCN ! 0.4). Therefore, in order to obtain reliable statistics for such a small dataset, we divided these residues into two RSA bins only: "buried"/"tightly packed" (RSA 0.5 or SC-WCN > 2.0) and " exposed"/ "loosely packed" (RSA > 0.5 or SC-WCN 2.0). As before, d N /d S values were calculated for each bin. Furthermore, we classified the different conformations of each protein in our dataset into compact (with low average RSA or high average SC-WCN) and noncompact (with high average RSA or low average SC-WCN) conformations.
Residues with small RSA/SC-WCN changes between different conformations (DRSA < 0.2 or DSC-WCN < 0.4) exhibit the expected behavior of increased evolutionary rate with loose packing ( fig. 5A and C) . At the same time, residues with large RSA/SC-WCN changes between different conformations (DRSA ! 0.2 or DSC-WCN ! 0.4) also exhibit a similar increase in evolutionary rate with loose packing calculated from both compact and noncompact conformations ( fig. 5A , P ¼ 0.45 and P ¼ 0.63, respectively for RSA analysis; fig. 5C , P ¼ 0.73 and P ¼ 0.50 respectively for SC-WCN analysis). In addition, residues that are loosely packed in the compact conformation but tightly packed in the noncompact conformation evolve at similar rates as residues that are tightly packed in the compact conformation but loosely packed in the noncompact conformation ( fig. 5B , P ¼ 0.24 for RSA analysis; fig. 5D , P ¼ 0.19 for SC-WCN analysis). In conclusion, both compact and noncompact conformations make comparable contributions to the evolutionary constraints on protein sequence.
Next, we repeated our analyses on the dataset of molecular-binding conformational switches (73 proteins). For each conformational switch, the different conformations Sharir-Ivry and Xia . doi:10.1093/molbev/msx071 MBE were classified once into the compact and noncompact conformations, and then into the bound and free conformations.
For residues with large RSA/SC-WCN changes between different conformations, the difference in evolutionary rate between tightly packed and loosely packed residues is similar for the compact conformation and the noncompact conformation (supplementary fig. S2A , Supplementary Material online P ¼ 0.49 for RSA analysis; fig. 6A , P ¼ 0.81 for SC-WCN analysis), and both differences are similar to that of residues with small RSA/SC-WCN changes (P ¼ 0.78 and P ¼ 0.36 respectively for RSA analysis; P ¼ 0.71 and P ¼ 0.52, respectively for SC-WCN analysis). In addition, residues that are loosely packed in the compact conformation but tightly packed in the noncompact conformation evolve at similar rates as residues that are tightly packed in the compact conformation but loosely packed in the noncompact In contrast, the difference in evolutionary rate between tightly packed and loosely packed residues is significantly larger in the bound conformation relative to the free conformation (supplementary fig. S2C , Supplementary Material online P ¼ 0.03 for RSA analysis; fig. 6C ; P < 0.01 for SC-WCN analysis), and while the increase in evolutionary rate in the bound conformation is similar to that of residues with small RSA/SC-WCN changes (P > 0.1 for both RSA and SC-WCN analyses), in the free conformation it is significantly smaller (P ¼ 0.01 for RSA analysis; P < 0.01 for SC-WCN analysis). In addition, residues that are tightly packed in the bound conformation but loosely packed in the free conformation evolve significantly more slowly than residues that are tightly packed in the free conformation but loosely packed in the bound conformation (supplementary fig. S2D , Supplementary Material online; P < 0.05 for RSA analysis; fig. 6D ; P < 0.01 for SC-WCN analysis). These results indicate that the Sharir-Ivry and Xia . doi:10.1093/molbev/msx071 MBE evolutionary rate of a residue is affected mainly by its degree of packing in the bound conformation.
Overall, our results show that the functional, bound conformation is more dominant in providing the structural constraints on the sequence evolution of conformational switches. At the same time, the free conformation contributes as well, and as a result residues within conformational switches are subject to a combined, elevated evolutionary constraint due to the necessity to encode multiple distinct native structures under different conditions.
Discussion
Protein 3D structure imposes significant constraints on protein sequence evolution. Conformational switches pose unique challenges to the study of the relationship between protein structure and evolution, as these proteins adopt several different native state conformations under different conditions. Moreover, due to their remarkable ability to switch structure upon receiving a signal conformational switches are of high interest in protein engineering. Understanding the principles governing the evolution of such proteins can provide insights into designing new, artificial conformational switches in the laboratory.
Unlike flexible or disordered proteins, which are generally less constrained in sequence evolution, conformational switches evolve significantly more slowly than other proteins with a single native state. The overall lower evolutionary rates of conformational switches relative to proteins with a single native state cannot be attributed to the overall difference in their expression level or shape. Rather, this is an effect in which residues with similar solvent exposure or WCN evolve significantly more slowly in conformational switches compared with proteins with a single native state. Although the effect is strongest for surface or loosely packed residues, it is broadly applicable to many residues throughout the protein, and not limited to just a few key residues.
The difference in evolutionary rates of residues with similar burial or packing was shown also for the reduced set of proteins that switch conformation upon ligand or protein binding. Residues in proteins with large conformational change upon binding are subject to increased evolutionary constraints, regardless of degree of solvent exposure or packing. Surprisingly, even the residues that constitute the binding interface and are known to be conserved to begin with were shown here to be even more conserved in conformational switches than interfacial residues in other proteins, highlighting the global nature of increased evolutionary constraints in conformational switches. Recent work showed that residues which are essential allosteric hotspots in conformational switches can be located both on the surface of the protein as well as in the interior, and are more conserved than other residues with the same degree of burial (Clarke et al. 2016) . Such allosteric hotspots in conformational switches may possibly play a part in the overall reduced evolutionary rates of conformational switches observed in our study. Finally, our pooled analysis showed that for proteins that switch conformation upon binding, the functional bound conformation better predicts residue evolutionary rates than the unbound conformation.
One possible caveat of our study is that our calculations are not strictly site-specific. fig. S3 , Supplementary Material online). For certain other sitespecific properties such as amino acid variability, pooled analysis, and site-specific analysis generate different results (Echave and Wilke 2016) . On the other hand, pooled analysis is more applicable to evolutionary rate calculations, because number of substitutions per site can be intuitively "averaged" among different residue sites within the same protein. Our results and conclusions remain unchanged when a different number of bins is used, suggesting that our pooled analysis is a reasonable approximation to site-specific analysis.
A second possible caveat of our study is that our choice of RMSD cutoffs to define conformational switches and proteins with a single native state might affect our results. To address this concern, we have additionally used more stringent RMSD cutoffs to define conformational switches (>4.0 Å RMSD between different conformations) and proteins with a single native state (<1.0 Å RMSD between different conformations). Our results and conclusions remain unchanged: the overall evolutionary rate (0.054) for conformational switches is significantly lower than the overall evolutionary rate (0.073) for proteins with a single native state (P value < 0.01, table 1). In addition, residues in conformational switches evolve more slowly than residues in proteins with a single native state for most of the RSA/SC-WCN bins (supplementary fig. S4 , Supplementary Material online; P < 0.05 at each bin except for the last bin for RSA analysis; P < 0.05 for the 1.1 < SC-WCN < 2.6 range for SC-WCN analysis).
A third possible caveat of our study is that the quality of homology-based structural annotation might affect our results. Although the high quality of the models was ensured by stringent cutoffs (E value < 10
À5
; alignment coverage >50%), using structural models which are not solved experimentally might possibly affect our results. Since we do not have enough experimentally-determined structures in our dataset, we repeated our calculations on the higher-quality subset of protein structures that are either experimentally-determined structures from the PDB, or higher-quality homology-based structural models with E value < 10
À60
. Our results and conclusions remain unchanged with this new analysis (supple mentary fig. S5 , Supplementary Material online): residues in conformational switches evolve more slowly on average than those in proteins with a single native state, even after controlling for SC-WCN or RSA.
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Methods
Structural Annotation of Yeast Proteins
We performed gapped BLAST (Altschul et al. 1997 ) searches between protein subunit sequences with solved structure from the PDB (Berman et al. 2000) and 5,861 translated open reading frames (ORFs) of the yeast S. cerevisiae (Cherry 1998) . We then kept those ORF-subunit pairs in which both the subunit sequence and the ORF sequence had coverage of !50% in the alignment and E value < 10
À5
. Using this procedure, 2,129 yeast ORFs were mapped to a homolog in the PDB. The site-specific structural features of the PDB homolog were then transferred to the query proteins according to the sequence alignment. Of these 2,129 yeast ORFs that had a 3D structural model, 1,744 were paired with their orthologs in three other closely related yeast species Saccharomyces paradoxus, Saccharomyces mikatae, and Saccharomyces Bayanus.
Defining Conformational Switches and Proteins with a Single Native State
Yeast ORFs with only one structural model were excluded from the analysis (189 proteins). For each yeast ORF with multiple structural models, up to 30 best structural models were chosen with highest percent of similar residues in the alignment, where two residues are considered similar if the substitution score is positive. The RMSD for each pair of structural homologs in the PDB with at least 90% sequence identity was calculated with Biopython (Hamelryck and Manderick 2003) over all backbone heavy atoms (N, C a , C, O) as well as the C b atom of the SC (except glycine residues), and the pair with maximal RMSD was chosen as the two representative conformations of the protein. 415 Yeast ORFs with maximal RMSD > 3.0 Å were classified as conformational switches, while 662 ORFs with RMSD < 1.5 Å were classified as proteins with a single native state.
All the proteins and their structural models (PDB codes) that represent their conformations, along with the RMSD between them are listed in supplementary table S1, Supplementary Material online. The alignments with the structural models can be found in supplementary file S1, Supplementary Material online.
Defining Conformational Switches and Proteins with a Single Native State for Binding First, we identified a subset of proteins with large or small conformational changes upon ligand binding. Ligand-binding conformations were identified using the BioLiP database (Yang et al. 2013 ) that provides biologically relevant ligandproteins interactions and we excluded ions as possible ligands. We then focused on those proteins that had one conformation with a bound ligand (bound conformation) and another conformation without a bound ligand (free conformation). 164 proteins were found to have RMSD > 3.0 Å between the bound conformation and the free conformation. These proteins were classified as undergoing large conformational changes upon ligand binding. On the other hand, 147 proteins were found to have RMSD < 1.5 Å between the bound conformation and the free conformation. These proteins were classified as undergoing small conformational changes upon ligand binding.
Next, we identified a subset of proteins with large or small conformational changes upon protein binding. We first followed previous protocol to identify proteins involved in protein-protein interactions ) in our dataset, and we found 600 such proteins. We then focused on those proteins that had one structural homolog which is part of a complex in the PDB (bound conformation) and another structural homolog which is not part of a protein complex in the PDB (free conformation). 14 proteins from the conformational switches dataset were also found to have RMSD > 3.0 Å between the bound conformation and the free conformation, and six of them are also part of the ligandbinding dataset. These proteins were classified as undergoing large conformational changes upon protein binding. On the other hand, 15 proteins from the dataset of proteins with a single native state were also found to have RMSD < 1.5 Å between the bound conformation and the free conformation, and four of them are also part of the ligand-binding dataset. These proteins were classified as undergoing small conformational changes upon protein binding.
Due to the small size of the protein-binding dataset, we merged the protein-binding dataset with the ligand-binding dataset to form a combined molecular-binding dataset.
Solvent Accessible Surface Area Calculations
Solvent accessible surface area (SASA) was calculated using the DSSP program (Joosten et al. 2011 ) with hydrogen atoms excluded. SASA values were normalized by a set of reference values that correspond to the maximal ASA for each residue to account for differences in the sizes and empirical SASA distributions of the 20 different amino acid residue types (Tien et al. 2013 ). This procedure produced the RSA, with values ranging from 0 (for a completely buried residue) to 1 (for a residue fully exposed to the solvent).
When calculating and comparing RSA values in different conformations, the RSA values for each conformation are calculated based on the conformation in the free-floating form (either the unbound conformation, or the bound conformation with the binding partner deleted).
For molecular-binding proteins, interfacial residues are defined as follows. RSA values were calculated for the bound conformation (which is an experimentally solved structure with a binding partner) both when the binding partner is present, as well as when the binding partner is manually deleted. Residues that change their RSA values between these two states were defined as interfacial residues.
Evolutionary Rate Calculations
We used previous alignments made between the translated ORFs from S. cerevisiae and their orthologs in three other closely related species S. paradoxus, S. mikatae, and S. Bayanus ).
The aligned codons were binned according to their degrees of burial and then concatenated. d N /d S values were calculated over the multiple sequence alignments using the program codeml within the PAML software package (Yang 2007) . As Sharir-Ivry and Xia . doi:10.1093/molbev/msx071 MBE our four yeast species are closely related, we opted to calculate a single d N /d S value for the entire tree (using model ¼ 0), which we specified as ((S. cerevisiae, S. paradoxus), S. mikatae, S. bayanus). Codon frequencies were assumed equal (CodonFreq ¼ 0) and other parameters in codeml were left to their default values. The codon alignments and control file parameters can be found in supplementary files S2 and S3, Supplementary Material online. We estimated the error in our measurements of d N /d S using 100 rounds of bootstrap resampling, following previous work (Franzosa and Xia 2012 (Angellotti et al. 2007 ).
Statistical Analysis
All P values were calculated from permutation tests, in which the labels for the proteins were randomly shuffled and d N /d S was recalculated. We used at least 1,000 permutations. We used a weighted least squares regression to fit d N /d S versus RSA. This procedure takes into account the error associated with each RSA bin, so that that RSA bins with small d N /d S estimation errors receive greater weight in the line fitting process.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
